The relationship between circadian rhythms in the blood plasma concentrations of melatonin and rhythms in locomotor activity was studied in adult male sheep (Soay rams) exposed to 16-week periods of short days (8 hr of light and 16 hr of darkness; LD 8:16) or long days (LD 16:8) followed by 16-week periods of constant darkness (dim red light; DD) or constant light (LL). Under both LD 8:16 and LD 16:8, there was a clearly defined 24-hr rhythm in plasma concentrations of melatonin, with high levels throughout the dark phase. Periodogram analysis revealed a 24-hr rhythm in locomotor activity under LD 8:16 and LD 16:8. The main bouts of activity occurred during the light phase. A change from LD 8:16 to LD 16:8 resulted in a decrease in the duration of elevated melatonin secretion (melatonin peak) and an increase in the duration of activity corresponding to the changes in the ratio of light to darkness. In all rams, a significant circadian rhythm of activity persisted over the first 2 weeks following transfer from an entraining photoperiod to DD, with a mean period of 23.77 hr. However, the activity rhythms subsequently became disorganized, as did the 24-hr melatonin rhythms. The introduction of a 1-hr light pulse every 24 hr (LD 1:23) for 2 weeks after 8 weeks under DD reinduced a rhythm in both melatonin secretion and activity: the end of the 1-hr light period acted as the dusk signal, producing a normal temporal association of the two rhythms. Under LL, the 24-hr melatonin rhythms were disrupted, though several rams still showed periods of elevated melatonin secretion. Significant activity rhythms were either absent or a weak component occurred with a period of 24 hr. The introduction of a 1-hr dark period every 24 hr for 2 weeks after 8 weeks under LL (LD 23:1) failed to induce or entrain rhythms in either of the parameters. The occurrence of 24-hr activity rhythm in some rams under LL may indicate nonphotoperiodic entrainment signals in our experimental facility. Reproductive responses to the changes in photoperiod were also monitored. After pretreatment with LD 8:16, the rams were sexually active; exposure to LD 16:8, DD, or LL resulted in a decline in all measures of reproductive function. The decline was slower under DD than LD 16:8 or LL. Conversely, after pretreatment with LD 16:8, the rams were sexually regressed, and exposure to LD 8:16, DD, or LL resulted in redevelopment of the reproductive axis; the rate of 366 development was similar in all three treatments. The overall results illustrate that in the Soay ram the circadian organization of melatonin and activity rhythms is disrupted during prolonged exposure to DD and LL. Reproductive regression or recrudescence occurs under these constant conditions, apparently dictated by the immediate photoperiodic history.
There are technical limitations associated with collecting blood samples over sufficiently long time periods to define accurately the circadian mechanisms underlying the control of melatonin secretion. This problem has led to the study of rhythms that can be monitored continuously and that may be closely linked to the circadian control of melatonin secretion. In the Syrian hamster, for example, the photoperiod induces changes in phase and duration of the daily bouts of wheel-running activity closely correlated with changes in the rhythms in pineal melatonin and changes in reproductive activity (Elliott, 1976; Eskes and Zucker, 1978 ; Ellis and Turek, 1979) .
These methods have never been applied to studies in sheep, where it is possible to measure the hourly changes in the blood concentrations of melatonin for several days, giving a direct indication of the pattern of melatonin secretion. The aims of the present study were therefore as follows: to investigate the relationship between the 24-hr rhythms in blood concentrations of melatonin and in activity in sheep kept under short days (LD 8:16) , long days (LD 16:8) , constant darkness (DD), and constant light (LL) ; and to measure the reproductive responses in sheep exposed to these different experimental photoperiods. MATERIALS AND METHODS ANIMALS Two groups of adult male Soay sheep (n = 8 and 7) were housed indoors in individual pens in light-proof sheds at the Animal Breeding Research Organisation, Roslin, Scotland, U.K. Food and water were provided ad libitum; rams were fed a pelleted concentrate diet by means of individual hoppers that were refilled at 3-4 day intervals. Water buckets were refilled daily between 0800 and 1600 hr. Lighting was provided by white fluorescent strip lights giving approximately 160 lux at the level of the rams' eyes, and a 15-W red bulb was left on permanently to allow blood sampling and maintenance during the dark periods. Before the experiment, both groups of rams were exposed to a photoperiod of LD 16:8 for 12 weeks to allow acclimatization to the indoor housing. Four rams died during the experiment (see Fig. 7 , below), three from complications arising from the occurrence of urinary calculi, a possible side effect of the ad libitum concentrate diet.
PHOTOPERIOD TREATMENTS
In all experiments, short days were LD 8:16, with lights-on at 0800 hr. Long days were LD 16:8, with lights-on at 0800 hr. Constant darkness was dim red light, and constant light was continuous fluorescent illumination. Following the acclimatization period, the rams in Group 1 were exposed to changes in photoperiod every 16 weeks, as shown in Figure 1 . The sequence was short days (LD 8:16), long days (LD 16:8), FIGURE 1. Experimental design. Groups of 1.5-year-old Soay rams (n = 8 or 7 per group) were pretreated for 12 weeks with LD 16:8, then transferred to the photoperiod treatments indicated. 8L: 16D, short days of 8 hr light and 16 hr dark; 16L:8D, long days of 16 hr light and 8 hr dark; DD, constant dim red light; LL, continuous light. Letters (A to K) indicate occasions on which blood samples were collected hourly for 49-56 hr for the determination of melatonin patterns. The rams in Group 2 were exposed to 1 hr darkness per 24 hr after 8 weeks on the LL photoperiod (23L:1D, sampling period G to H) and to 1 hr light per 24 hr after 8 weeks on the DD photoperiod (1L:23D, sampling period J to K). constant darkness (DD), long days (LD 16:8), and finally constant light (LL). The rams in Group 2 were exposed to changes in photoperiod every 16 weeks, as shown in Figure 1 , with the sequence as follows: short days, constant light, short days, constant darkness, and finally short days. In this group, a 1-hr dark pulse was introduced every 24 hr (LD 23:1) for a 2-week period after 8 weeks under LL, and a 1-hr light pulse was introduced every 24 hr (LD 1:23) for a 2-week period after 8 weeks under DD.
Throughout the study, activity was monitored for four of the rams in each group using a reflective photorelay (RS Components Ltd., Corby, Northants, U.K.) coupled to an Esterline Angus event recorder (Model A620X, International Recorders Ltd., Berkhamsted, Hertfordshire, U.K.). The photorelay reflected an infrared beam across the pen of each ram approximately 30 cm above floor level. Each time the beam was broken by movement of the animal it produced a deflection on the paper of the chart recorder. Damage to the recording device led to a loss of results for some sections of the experiment.
Melatonin rhythms were measured on nine selected occasions as indicated in Figure 1 . Blood samples were collected at hourly intervals for 49-56 hr using an indwelling jugular catheter inserted on the day before the study. For the rams in Group 2, the blood sampling periods on LL and DD (sample periods G and J, respectively, Fig. 1 ) overlapped the first 24 hr of the LD 23:1 and LD 1:23 photoperiods. Serial blood samples were also collected from the rams in Group 2 during the last 49 hr of the 2-week dark and light pulse treatments (sampling periods H and K, respectively, Fig. 1 ). In the cases where the jugular cannula became blocked or broken, it was replaced where possible, but when a series of blood samples was not collected, the results for the entire 24-hr period were omitted (e.g., Figs. 6a and 6b, below, no data).
The reproductive changes in the rams were monitored by measuring the diameter of the testes and the intensity of the sexual skin flush at biweekly intervals (Lincoln and Davidson, 1977) and by collecting blood samples at weekly intervals by jugular venipuncture for the measurement of the concentrations of folliclestimulating hormone (FSH).
RADIOIMMUNOASSAYS
Plasma melatonin concentrations were measured using the radioimmunoassay described by Rollag and Niswender (1976) . Antiserum R1055 was used at a final dilution of 1:256,000. The lower limit of detection was 10 pg/ml and the intra-assay coefficients of variation (CVs) based on duplicates of quality control plasma pools were 15.8% (low, 65 pg/ml) and 12.0% (high, 250 pg/ml); interassay CVs for these plasma pools were 26.6% and 14.6%, respectively. Plasma FSH concentrations were measured by the radioimmunoassay system of McNeilly et al. (1976) . The reference standard was NIH-FSH-S 18, and the lower limit of detection was 5 ng/ml. The mean intra-assay CV based on low, medium, and high plasma pools was 12.3%, and the mean interassay CV was 14.7%. DATA ANALYSIS Activity records were prepared by mounting the daily chart record for each ram beneath the record for the preceding day to create a continuous picture of the ram's activity through the various changes in photoperiods. The charts have been double plotted to emphasize trends. Portions of the activity records were analyzed by the chi squared periodogram method (Sokolove and Bushell, 1978) . This method has proven to be reliable for the detection of circadian periodicities, even in the presence of high levels of noise (Wollnik and Dohler, 1986) . For the LD 8:16 and LD 16:8 photoperiods, the activity records for the 10 days immediately preceding the first blood sampling period for each group (sampling periods A and F, Fig. 1 ) were analyzed. The analyses for the DD and LL photoperiods used the first 10 days of records following transfer from the entraining photoperiod of either LD 8:16 or LD 16:8. Likewise, analyses for LD 23:1 and LD 1:23 treatments also used the first 10 days of activity records for these photoperiods. The 10-day sections of the charts were divided into 8-min bins. Each bin was scored from 0 (no pen deflections) to 4 (continuous activity for the entire 8 min). The digitized data were analyzed on a microcomputer. Qp values above X2 P_l (0.001) indicate significant periodicity at approximately the 0.01 level of confidence (Sokolove and Bushell, 1978) . The period lengths determined by this method for groups of rams on entraining photoperiods (LD 8:16 or 16:8) and subsequently on a constant photoperiod (DD) were compared using the Wilcoxon signed-ranks test (Siegel, 1956) .
The melatonin profiles for each ram were analyzed for the existence of melatonin using a nonparametric method . This technique provides an objective method for distinguishing time periods when plasma melatonin concentrations are high and when they are low, in cases where there are insufficient cycles of data to permit a more rigorous time series analysis. The analysis consisted of the following steps: (1) The plasma melatonin concentrations for each sampling period for each ram were ranked, then divided into classes of 10, 15, or 20 pg/ml to obtain a frequency distribution of values. The width of these classes depended on the absolute plasma melatonin concentrations: they were chosen such that there were approximately 10 classes of values for each ram. (2) The frequency distribution was used to assess any discontinuity between high and low values; if there was no discontinuity evident the median value was determined. (3) A runs test (Siegel, 1956) was performed on each profile to determine whether there was significant clustering of the melatonin values above and below the discontinuity or median. (4) Where significant clustering was observed, melatonin peaks were defined as periods containing four or more consecutive values above the discontinuity or median, a criterion previously adopted by Almeida and Lincoln (1982) . Shorter runs separated from a peak of four or more consecutive values by only a single low value were considered to be an extension of the same peak. Selected comparisons of the duration of melatonin peaks were made using paired t tests for photoperiod treatments in which rams showed significant melatonin peaks (see Table 2 , below).
Reproductive responses to the photoperiods for each ram were analyzed by fitting a straight line using linear regression to the plasma FSH values over the first 8 weeks of each photoperiod treatment and to the values for testicular diameter over the first 12 weeks of each photoperiod. These end points were chosen to encompass the periods of maximal change as indicated from previous studies in which Soay rams were transferred from long days (LD 16:8) to short days (LD 8:16) or vice versa (Lincoln and Davidson, 1977) , or treated with a constant-release melatonin implant . The slope of the fitted line indicates the rate of change of each parameter. Significant differences in mean rates of change under different photoperiods were detected by analysis of variance with repeated measures (ANOVA) for the rate of increase in testis diameter (Group 1); results were found by the Student's (between group) or paired t test (within group) when only a single comparison could be made.
RESULTS

ACTIVITY RHYTHMS RELATED TO PHOTOPERIOD
Long-term activity records (double-plotted) from a representative ram from each group are shown in Figure 2 . Activity records in relation to melatonin patterns are illustrated from representative rams in Figures 4 (Group 1) and 5 (Group 2). Clearly defined rhythms in activity were evident in all rams kept under entraining photocycles of either short days (LD 8:16) or long days (LD 16:8). Visual inspection of the activity records (Figs. 2, 4, and 5) indicates a crepuscular pattern of activity under short and long days, with the main bouts of activity early and late in the light phase. Periodogram analysis revealed a period close to that of the 24-hr entraining photocycle (range, 23.87-24.00 hr; Table 1 ; Fig. 3 ). When the rams were transferred from long days to DD (Group 1) or from short days to DD (Group 2), significant activity rhythms persisted for at least the first 10 days (Figs. 2, 4b, and 5b). Periodogram analysis (Fig. 3 ) revealed a shortening of the period under DD (Table 1) with a mean (±SEM) period of 23.77 ± 0.08 hr. This was significantly shorter than that on LD 8:16 or 16:8 (23.97 ± 0.03 hr) (p < 0.05, Wilcoxon signed-ranks test). Visual inspection of the activity records suggests that free-running activity rhythms did not persist in most rams after prolonged exposure to DD. However, the introduction of a 1-hr light pulse every 24 hr to the rams in Group 2 restored a significant activity rhythm (Figs. 2b and 5b) with a period length ranging from 24.13 to 24.27 hr. The amplitude of these periodogram peaks (Qp) was considerably lower than those when the rams were previously on LD 8:16.
Activity rhythms were very variable in rams transferred from long or short days to LL. In no cases did a significant rhythm persist with a period of less than 24 hr; however, in several rams a low-amplitude rhythm with a period close to 24 hr occurred ( Fig. 3 ; see also Fig. 4c ). Some rams had significant rhythms with short periodicities (e.g., 5.87 hr). These appeared on the activity charts as short bouts of activity (see LL treatments; Figs. 2b and 5a). The introduction of a 1-hr dark pulse FIGURE 2. Long-term activity records for a representative ram from each group exposed to the sequence of photoperiod changes indicated on the right. (Abbreviations are defined in the legend to Fig. 1 .) The records were produced using an Esterline Angus event recorder connected to a reflective photorelay operated when the the animal crossed an infrared beam. The data for each day are presented in vertical sequence to produce a continuous record and are double plotted for clarity. Segments of data that were lost due to breakage of the recording device are omitted. (a) A ram from Group 1. (b) A ram from Group 2. Rams were exposed to each of the photoperiod treatments for 16 weeks, as shown in Figure 1 . In addition, the ram in Group 2 received a 1-hr dark pulse per 24 hr for 2 weeks, starting 8 weeks after transfer to LL treatment, and a 1-hr light pulse per 24 hr for 2 weeks, starting 8 weeks after transfer to DD. Figure 1 for explanation of photoperiod abbreviations. a Limit of resolution is 8 min (0.13 hr). Period indicated is for the largest activity peak (maximum Qp) revealed in the periodogram analysis.
b Ten-day activity record analyzed preceding sampling period I (see Fig. 1 ).
' Ten-day activity record analyzed preceding sampling period B (see Fig. 1 ).
d Activity record analyzed for the first 10 days following transfer to DD. every 24 hr after 8 weeks on LL (Group 2) did not appear to influence the activity patterns of the rams (e.g., Fig. 5a ).
MELATONIN RHYTHMS IN RELATION TO PHOTOPERIOD AND ACTIVITY
Representative melatonin patterns for rams in each group for the various photoperiod treatments are shown in Figures 4 and 5 in relation to activity records for the individual rams. The timing of melatonin peaks for individual rams for each of the sampling periods ( Fig. 1 ) are shown in Figures 6a (Group 1 rams) and 6b (Group 2 rams). Group mean melatonin concentrations are also shown as an index of synchrony of melatonin patterns between rams. In all the rams in both groups, significant melatonin peaks occurred on LD 8:16 and 16:8 (Table 2; Fig. 6 ). The duration of these melatonin peaks closely resembled the duration of the dark period (Table 2) . Occasionally, a significant melatonin peak would occur during only one of the two dark periods covered by the 50-hr blood sampling period (e.g., Fig. 6a , sampling period A; Fig. 6b , sampling periods F and I).
In the rams in Group 1, transfer from LD 8:16 (sampling period A) to 16:8 (sampling period B) resulted in a significant decrease in the duration of melatonin peaks (Table 2; Figs. 4a and 6a). The activity records for the corresponding period illustrated a clearly defined rhythm in activity under LD 8:16 with the main bouts of activity early and late in the light phase and the end of the activity period closely synchronized to the onset of increased melatonin secretion. The change to LD 8:16 led to an extention of the period of locomotor activity corresponding to the increased duration of the light phase; the end of the activity period was again sychronized to the onset of increased melatonin secretion, both having changed in timing by 8 hr in relation to the change in the time of lights out (Fig. 4a ).
Significant melatonin peaks persisted in three of four rams 8 weeks after transfer from LD 16:8 to DD (sampling period C: Table 2 ; Fig. 6a ). The duration of these FIGURE 3. Representative periodogram analyses for a ram from Group 1 (left panels) and a ram from Group 2 (right panels). Top left: Ram on LD 16:8, calculated for the 10-day period preceding sampling period B (see Fig. 1 ). Middle left: First 10 days on DD following transfer from LD 16:8. Bottom left: First 10 days on LL following transfer from LD 16:8. Top right: Ram on LD 8:16, calculated for the 10-day period preceding sampling period I (see Fig. 1 ). Middle right: First 10 days on DD following transfer from LD 8:16. Bottom right: First 10 days on LL following transfer from LD 8:16. Solid rising line in all panels indicates p < 0.001. Photoperiod treatments are defined in legend to Figure 1 . peaks did not differ significantly from that previously observed on LD 16:8 (Table 2) , and the absence of a clear pattern in group mean melatonin concentrations (Fig. 6a ) demonstrates the lack of synchrony between individuals. The following long-day treatment synchronized short-duration melatonin peaks (sampling period D: Fig. 6a ) and restored a clear activity pattern (Fig. 4c ). Significant melatonin peaks persisted after 8 weeks following transfer from LD 16:8 to LL, but these were of very variable duration and of variable periods between successive peak onsets (sampling period E: Figs. 6a and 4c ).
In the rams in Group 2, there was a well-defined rhythm in plasma melatonin concentrations on the initial photoperiod treatment of LD 8:16 (sampling period F: Figs. 6b and 5a ). After 8 weeks under LL, there was no evidence of a rhythm in melatonin peaks, though plasma melatonin concentrations were not consistently suppressed (sampling period G: Figs. 6b and 5a ). The introduction of a 1-hr dark . Plasma melatonin concentrations in relation to activity records for representative rams from Group 2. (a) Ram transferred from LD 8:16 to LL, then briefly to LD 23:1 as indicated to the right of the activity record. (b) Ram transferred from LD 8:16 to DD, then briefly to LD 1:23 as indicated. Activity records are double plotted. Solid bars above the activity records and melatonin patterns indicate timing of periods of darkness. Arrows to the left of the activity records indicate occasions on which hourly blood samples were collected for the determination of the melatonin patterns depicted below the activity records. Solid data points (0) indicate significant melatonin peaks (see text). Sampling for melatonin began at 0800 hr on each occasion; however, melatonin patterns have been plotted on the same time scale as the activity records to emphasize relationships between the melatonin and activity patterns. pulse for 14 days at this stage did not induce the reappearance of a rhythm in melatonin concentrations, although three out of six rams now had significant melatonin peaks of short duration (sampling period H: Fig. 6b ; Table 2 ). The subsequent short-day treatment restored long-duration melatonin peaks (sampling period I: Table 2; Fig. 6b ). After 8 weeks on DD, significant melatonin peaks persisted in five of six rams (sampling period J: Fig. 6b) , with a significantly reduced duration (Table 2) . These peaks were not synchronized between rams, as indicated by the lack of a clear pattern in mean melatonin concentrations. The introduction of a 1-hr light pulse for 14 days after 8 weeks under DD resulted in the reappearance of a synchronized FIGURE 6. Solid blocks represent timing of significant melatonin peaks (see text) for individual rams on each of the sampling occasions for (a) Group 1 and (b) Group 2, plotted in relation to the LD cycle (darkness indicated by shaded background). The group mean (-LSEM) plasma melatonin concentrations for each sampling occasion are plotted above to provide an index of synchrony of melatonin rhythms between individual rams. Open and solid bars above the melatonin patterns also indicate light and dark periods, respectively. The timing of the sampling periods (A to K) and details of photoperiod treatments are shown in Figure 1 . &dquo;No data&dquo; indicates periods when insufficient blood samples were obtained for analysis of melatonin peaks. rhythm between rams in plasma melatonin concentrations and induced a significant rhythm in activity. The onset of the melatonin peaks occurred during or shortly after the 1-hr light pulse and at the end of the activity period (e.g., Fig. 5b ); this temporal relationship is similar to that previously observed under LD 8:16 and 16:8.
REPRODUCTIVE RESPONSES
The long-day acclimatization period synchronized testicular regression in all rams. In the rams in Group 1, the initial short-day treatment induced rapid testicular recrudescence (Fig. 7a ), and rapid testicular regression occurred during the subsequent long-day treatment (Fig. 7a ). Reproductive activity began to increase before the end of the 16-week long-day treatment, as indicated by the increase in plasma FSH and testis diameter (Fig. 7a ). Rapid testicular recrudescence occurred during exposure to DD, and then testicular involution occurred during subsequent exposure to long days. Finally, rapid recrudescence also occurred during exposure to constant light after long-day treatment (Fig. 7a ). The rates of testicular growth in the rams in Group 1, when pretreated with long days, did not differ significantly on LD 8:16, DD, or LL (1.3 ± 0.1 vs. 1.1 ± 0.1 vs. 1.3 ± 0.1 mm/week, mean ± SEN~. Likewise, the rates of increase in plasma FSH did not differ in the Group 1 rams on DD or LL following LD 8:16 pretreatment.
In the rams in Group 2, after the initial rapid testicular development on LD 8:16, rapid testicular regression occurred during the subsequent LL treatment (Fig. 7b ). Although the rams were exposed to a 2-week period of LD 23:1 after 8 weeks of the LL treatment, the reproductive responses appeared to be very similar to those in the rams in Group 1 concurrently exposed to long days (Fig. 7a ). For example, following an initial period of testicular regression on LL and LD 1:23, an increase in plasma FSH concentrations occurred (Fig. 7b ), a comparable pattern to that in the Group 1 rams concurrently exposed to LD 16:8. After the 16-week period of short days, during which rapid testicular recrudescence occurred, the rams were exposed to DD. The rate of testicular regression was significantly slower than that previously seen on LL ( -0.6 ± 0.2 vs. -0.9 ± 0.1 mm/week) following short-day pretreatment and was significantly slower than that seen in the rams in Group 1 transferred from short days to long days ( -1.2 ± 0.1 mm/week). In addition, reproductive activity became desynchronized between rams, as indicated by the large variance in mean testis diameter, the decrease in plasma FSH to intermediate levels, and the reemergence of the sexual flush in several of the rams (Fig. 7b ). This lack of synchrony suggests that the brief period of exposure to LD 1:23 after 8 weeks on DD did not provide a major entrainment cue for reproductive activity. 
DISCUSSION
Previous studies in sheep have demonstrated that melatonin rhythms persist for up to 10 days in animals transferred from standard 24-hr LD cycles to DD (Rollag and Niswender, 1976; Almeida and Lincoln, 1984a; . These studies provided clear evidence that the melatonin rhythm is generated endogenously but is normally entrained to the environmental LD cycle such that the period of increased melatonin secretion coincides with the dark phase. This normal pattern of melatonin secretion is seen in the current study in the rams held under LD 8:16 or 16:8, where the duration of the melatonin peak corresponded closely to the duration of the dark period. The observation that the melatonin rhythm was poorly defined after 8 weeks under DD indicates that the rhythm did not persist indefinitely but disappeared after prolonged exposure to DD. This may be consistent with the hypothesis that the generation of the melatonin rhythm results from the interaction of two or more groups of oscillators (Illnerova and Vanecek, 1982; . The absence of a zeitgeber in the long-term could result in dissociation of these different oscillators, which are normally coupled to produce a single melatonin peak per 24 h, resulting in the variable durations and periodicities of the melatonin peaks observed in the current study. Clearly, the 50-hr blood sampling window does not permit this hypothesis to be resolved because it would require many cycles of data for the free-running components of the melatonin rhythm to be demonstrated. In anticipation of this problem, activity rhythms were monitored to provide a continual assessment of the circadian organization of the rams under the different photoperiodic treatments. In hamsters, splitting of the rhythm of wheel-running behavior under constant illumination provides evidence that two groups of oscillators underlie the endogenous rhythm of locomotor activity (Turek et al., 1982) .
Activity rhythms were clearly evident in the Soay rams during the LD 8:16 and 16:8 photoperiods. These rhythms reflect increased activity during the light phase in relation to feeding and drinking. They also reflect behavioral interactions between neighboring animals, since the rams were housed together in a single photoperiod room, albeit in separate pens. Diurnal variations in grazing and rumination in sheep kept under natural conditions have been observed previously (Hughes and Reid, 1951; Gordon and McAlistair, 1970) . In a study of feeding behavior in rams maintained on LD 8:16 and 16:8, it was found that the greater proportion of feeding occurred during the light phase (Eisemann et al., 1984) . Also, Wolynetz (1979a, 1979b) have described a crepuscular pattern of activity in sheep held under controlled conditions with major bouts of activity following lights-on and preceding lights-off. The periodogram analysis revealed that a component of the activity pattern free-ran for several days under DD, indicating that at least part of the rhythm is generated endogenously. However, the pattern of activity appeared to become fragmented during prolonged exposure to DD, such that a clear rhythm could not be detected after 8 weeks on this treatment. The rhythm in melatonin secretion was also poorly defined at this stage, suggesting a general loss of circadian organization in the absence of the cues from the LD cycle. The details provided by the continuous activity record show that this disintegration of the rhythms can occur gradually over many weeks, possibly due to dissociation of the underlying circadian oscillators that regulate the rhythm.
The period of the free-running activity rhythm initially observed in the rams under DD was less than 24 hr in seven or eight rams monitored continuously. This is consistent with our previous observation that the period of the free-running melatonin rhythm in rams is also less than 24 hr (Almeida and Lincoln, 1984a) . It is also of interest that the 1-hr light pulse (LD 1:23) was able to entrain the melatonin rhythm and the activity rhythm to produce a temporal relationship similar to that observed under the LD 8:16 and 16:8 photocycles. For example, under LD 1:23, the end of the period of increased activity preceded the time of lights-off and the onset of the melatonin peak with a similar relationship as seen under LD 8:16 (e.g., Figs.  2 and 5b) . The 1-hr light pulse therefore appeared to act as the dusk signal, entraining both the activity and melatonin rhythms. It might be predicted that such a short light pulse should act as a dusk cue for rhythms that have a period of less than 24 hr, since the light pulse would encroach into the early subjective night and fall on the delay region of the phase response curve for the rhythm, leading to stable entrainment.
There was no evidence of free-running activity rhythms in the rams exposed to LL; however, some animals showed a significant low-amplitude rhythm with a period close to 24 hr and an onset of activity from 0800 to 1000 hr ( Figs. 2a and 4c ). This is more likely to represent an induced effect on the activity patterns from external cues rather than the persistence of an endogenous rhythm. One cue may have come from the necessity to enter the sheep housing to replenish water and to monitor the health of the rams. Also, there may well have been influences from the rams in an adjoining room, which were on a different light cycle with lights-on at 0800 hr. It is not clear why these factors only influenced some of the rams on LL and none on DD. Clearly, it would be preferable in future studies to monitor activity rhythms in sheep housed in greater isolation.
Although significant melatonin peaks were evident after 8 weeks under LL in the rams in Group 1 pretreated with LD 16:8, there was no clear evidence of regular periodicity or duration. Furthermore, melatonin peaks were not observed in the Group 2 rams pretreated with LD 8:16. We have previously observed persistent melatonin rhythms in rams for up to 10 days under LL (Almeida and Lincoln, 1984a) ; however, other studies in female sheep of other breeds have shown that LL can totally suppress melatonin secretion (Rollag and Niswender, 1976; Kennaway et al., 1983) . The direct effects of light appear to depend on intensity (Lewy et al., 1980; Brainard et al., 1982) , on the previous history of exposure to different light intensities (Reiter et al., 1983) , and on the time the light is given relative to the phase of the endogenous melatonin rhythm. In this regard, light pulses early in the dark phase may only transiently suppress melatonin secretion , whereas light pulses late in the dark phase may completely suppress melatonin secretion for the remainder of the night (Brinklow et al., 1984; Earl et al., 1985) . In the current study, a 1-hr light pulse given after 8 weeks' exposure to DD had very little immediate effect on plasma melatonin concentrations but was a potent zeitgeber when repeated daily for 2 weeks. This suggests that, under our experimental conditions, the principal effect of light on melatonin secretion is entrainment rather than a direct effect.
It was predicted that the reproductive responses under the various photoperiod treatments would be explicable in terms of the patterns of melatonin secretion, because several studies in the ewe and in the Djungarian hamster have provided evidence that it is the duration of melatonin secretion by the pineal gland that transduces the effects of photoperiod to the reproductive axis (Bittman et al., 1983; Carter and Goldman, 1983; Bittman and Karsch, 1984; Goldman, et al., 1984; Wayne et al., 1988 ). This appears to be the case in the rams exposed to the standard change in photoperiod from LD 8:16 to 16:8. There was a significant reduction in the duration of the nocturnal melatonin peak and the predicted decline in the activity of the reproductive axis characteristic of exposure to an inhibitory long-day photoperiod or exposure to a short-duration daily treatment with melatonin. However, under the DD and LL photoperiods, it was not possible to account for the reproductive changes in terms of the daily patterns of melatonin secretion, since the melatonin rhythms were poorly defined or absent. Judging from the changes in plasma concentrations of FSH and size of the testes, exposure to DD resulted in short-day responses both in sexually inactive rams pretreated with LD 16:8 (rapid redevelopment of the reproductive axis as under LD 8:16) and in sexually active rams pretreated with LD 8:16 (slow regression of the reproductive axis; see Almeida and Lincoln, 1984b) . In contrast, exposure to LL appeared to result in long-day responses in sexually active rams pretreated with LD 8:16 (rapid regression of the reproductive axis as under LD 16:8) but resulted in short-day responses in sexually inactive rams pretreated with LD 16:8 (rapid redevelopment of the reproductive axis as under LD 8:16). This last result is particularly surprising since it might be predicted that LL would be interpreted as a long day, and thus, testicular development would be delayed. This was the case in a previous study (Almeida and Lincoln, 1984b) ; testicular regression was initially induced in Soay rams by long-day (LD 16:8) treatment. The rams were subsequently maintained on the same photoperiod. Testicular recrudescence occurred on the long-day photoperiod, but maximum testis diameter took 16-24 weeks to occur on LD 16:8, as compared with 8-12 weeks on LL in the current study. In addition to showing rapid testicular development on LL, the testes of the rams in the current study regressed rapidly when the rams were subsequently transferred back to a LD 16:8 photoperiod (data not shown). The observation that LL treatment restores sensitivity to the inhibitory effects of a LD 16:8 photoperiod provides further evidence that LL treatment does not provide a long-day signal when it is given following a LD 16:8 pretreatment period.
It is interesting to note that all the rams had significant melatonin peaks on LL when it followed LD 16:8 pretreatment, but none had peaks when LL followed LD 8:16 pretreatment. Although the mean duration of these melatonin peaks was only 12.4 hr, this was longer than the previous nocturnal duration on LD 16:8. An increase in the duration of nocturnal melatonin secretion of only 3 hr is sufficient to provide a short-day signal for reproductive activity in female sheep so it is conceivable that the modest increase in the duration of the melatonin peaks on LL provided short-day information to the rams and stimulated rapid testicular recrudescence. However, the duration of these melatonin peaks on LL was very variable both within and between rams, and the period between successive peaks was not close to 24 hr (Fig. 6a ), so it is questionable whether the observed reproductive responses really resulted from changes in the pattern of melatonin secretion.
It is likely that in the absence of clear photoperiodic information in the form of melatonin secretion, reproductive changes in the sheep are entirely dictated by their previous photoperiod history. Several studies have demonstrated that when sheep are maintained for a prolonged period on a long-day photoperiod, after the acute inhibitory effects of such photoperiods, reproductive activity ensues; that is, the sheep becomes refractory to the long-day photoperiod (Worthy et al., 1985; Almeida and Lincoln, 1984b; Robinson et al., 1985; Jackson et al., 1988) . Conversely, sheep maintained for a prolonged period on a short-day photoperiod become refractory to its stimulatory effects, and reproductive regression occurs (Lincoln, 1980; Worthy and Haresign, 1983; Almeida and Lincoln, 1984b; Robinson and Karsch, 1984; Jackson et al., 1988) . Photorefractoriness probably results from refractoriness to the melatonin signal, since sheep become refractory to the inductive effects of melatonin implant treatments and to nocturnal melatonin infusions, which provide a short-day signal Karsch et al., 1986) . It has been hypothesized that refractoriness in sheep represents the expression of an endogenous reproductive rhythm (Robinson et al., 1985) , because sheep maintained for an extended period of time on a fixed photoperiod continue to show long-term fluctuations in reproductive activity after the initial period of acute response and refractoriness (Howles et al., 1982; Almeida and Lincoln, 1984b; Karsch et al., 1987) . However, it is not clear whether such long-term rhythms reflect the activity of an endogenous circannual oscillator or simply the repetition of a series of timed stages (Enright, 1970; Mrosovsky, 1970) . Whatever the basis of these long-term rhythms, they may explain the reproductive changes observed in the current study. It appears that the rams were already developing refractoriness to both the stimulatory effects of LD 8:16 and to the inhibitory effects of LD 16:8 by the end of the 16-week pretreatment periods (Fig.  7 ). The reproductive responses subsequently observed on LL and DD would, therefore, have been largely determined by the previous photoperiod treatment. The ambient photoperiod might be expected to modify to a small degree the rate of testicular change but not to prevent completely testicular regression or recrudescence. Indeed, it is clear that reproductive changes can occur in the absence of a melatonin signal, providing that the sheep has obtained an adequate photoperiodic history. For example, puberty occurs in the female sheep at the normal time of year even if the nocturnal rise in melatonin secretion has been abolished by superior cervical ganglionectomy, providing that an appropriate seasonal time cue has been given prior to surgery (Foster et al., 1988a (Foster et al., , 1988b .
In conclusion, we have provided the first evidence in sheep that changes in circadian rhythms in melatonin secretion occur in close parallel with changes in circadian rhythms in activity. Both rhythms are affected by transfer from LD 8:16 to 16:8, become disrupted after prolonged exposure to DD or LL, and can be entrained in a normal temporal relationship by exposure to a short light pulse given every 24 hr under DD. It is proposed that the continuous monitoring of activity combined with short-term studies on the daily pattern of melatonin secretion is a useful approach to investigate the circadian basis of photoperiodic responses in sheep.
